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. The UNAIDS target is to increase this fraction diagnosed to 90% by 2020 and to 95% by 2030 2 . In many sub-Saharan African countries, where the burden of HIV is most severe, high levels of HIV diagnosis have already been achieved [3] [4] [5] . However, challenges remain, with the fraction of HIV-positive individuals who are diagnosed being relatively low in men, young adults and key populations such as sex workers and men who have sex with men (MSM) [5] [6] [7] [8] [9] [10] . In addition, funding constraints have led to increased emphasis on efficiency, which is often assessed in terms of testing 'yield' (number of new diagnoses per test performed) 10, 11 . HIV testing services have historically been located in health facilities offering services such as antenatal care (ANC), sexually transmitted infection (STI) treatment, medical male circumcision (MMC) and treatment for HIV-related opportunistic infections (OIs). In recent years there have been several innovations to expand HIV testing coverage and to reach sub-populations that have previously had low rates of HIV testing. These include community-based testing strategies such as home-based testing and mobile testing, the latter being particularly effective in reaching men and key populations [12] [13] [14] . Recent studies have also demonstrated the value of adopting more active approaches to partner notification, with health workers contacting partners of newly-diagnosed individuals to encourage HIV testing 15 . Self-testing has been another major innovation 16 , with studies showing that the supply of self-testing kits leads to increased uptake of testing by partners of pregnant women 17 , sex workers 18, 19 and individuals in household settings 20, 21 . Given the growing menu of options for delivering HIV testing, and given the growing pressure on HIV programmes to deliver HIV testing more efficiently, there is a need for mathematical modelling to identify which strategies are likely to have the greatest population-level impact on levels of diagnosis, and which strategies will be most cost-effective. Few mathematical modelling studies have been conducted to evaluate the relative merits of different HIV testing strategies. A recent study by Korenromp and Stover 22 modelled the need for new HIV testing strategies to reach the 90% target in four countries (Mozambique, Senegal, Nigeria and Bolivia), comparing 12 possible HIV testing modalities. Although many other models have evaluated individual HIV testing strategies, few have compared a broad range of different HIV testing strategies [23] [24] [25] [26] [27] [28] , and most have assessed cost-effectiveness relative to internationally-accepted benchmarks (such as three times gross domestic product (GDP) per life year saved) rather than against locally-established 'willingness to pay' criteria. This makes it difficult for policymakers to determine which HIV testing interventions represent the best 'value for money' relative to currently-funded programmes.
This study aims to evaluate the potential impact and cost-effectiveness of a number of potential new HIV testing strategies in South Africa, the country with the largest number of HIV infections globally. In this setting, high levels of uptake and coverage have already been achieved for many HIV interventions, with the HIV-diagnosed fraction estimated at over 80% in recent years 29 . In this context of high baseline levels of intervention uptake, it is relatively difficult to identify new interventions that represent value for money, and the 'willingness to pay' threshold of the South African government (the main funder of the country's HIV response) has been estimated at $547-842 per life year saved, substantially lower than the South African GDP per capita of around $6 000 30 .
Methods
This analysis is based on the MicroCOSM model, an agent-based model that was developed to simulate HIV and other STIs in South Africa 31 . A detailed description of the model is provided elsewhere 32 . Briefly, the model simulates a nationally-representative sample of individuals, with the initial simulated population size set to 20 000 at the start of the simulation (in 1985) . Each simulated individual is randomly assigned a date of birth, sex and race, and individuals are tracked over time, with the model randomly assigning to each individual a series of demographic events (birth, death and migration between urban and rural areas), educational events (entering school and passing, failing or dropping out of school at the end of each year), relationship events (acquiring new partners, marrying partners, ending relationships and engaging in casual or commercial sex), health events (acquisition of HIV and other STIs) and healthcare utilization events (adoption or discontinuation of hormonal contraception, condoms, pre-exposure prophylaxis (PrEP), antiretroviral treatment (ART) and MMC). The model also simulates incarceration and unemployment. The model allows for heterogeneity between individuals in sexual preference, propensity for concurrent partnerships and commercial sex, and willingness to use condoms. Individuals who form new partnerships are assumed to select their partner from within the simulated population, with sexual mixing patterns being assumed to be highly assortative with respect to age, race, educational attainment, risk group and location. Model assumptions about HIV transmission probabilities per sex act are calibrated such that the model matches HIV prevalence data from three national household surveys (conducted in 2005, 2008 and 2012 [33] [34] [35] ) and national antenatal surveys conducted over the 1997-2015 period 36 , as well as surveys of HIV prevalence in sex workers and MSM. Although the model simulates both sexual and mother-to-child transmission of HIV, the model does not currently simulate HIV testing in children, and this analysis is therefore limited to testing in adults.
The model simulates eight different HIV testing modalities that have already been introduced in South Africa: 'general' HIV testing (self-initiated testing, testing for insurance purposes and provider-initiated testing not included in other modalities), ANC testing, testing in OI patients, testing partners of newly-diagnosed individuals ('passive referral'), STI patient testing, testing men seeking MMC, testing in prisons and testing in individuals receiving PrEP 32 . Key HIV testing assumptions are summarized in Table 1 , and a more detailed description of these 'baseline testing modalities' is provided in the supplementary materials (section 2.1). Assumptions about historic rates of HIV testing have been set with reference to reported levels of HIV testing in antenatal clinics, STI clinics, tuberculosis patients (as a proxy for patients with OIs), and prisons, and the model has been calibrated to match the total annual numbers of HIV tests performed in South Africa (private and public sector combined 37 ) as well as the fraction of tests that are positive over the 2002-2016 period (Fig. 1) . All men who seek MMC and all PrEP recipients are assumed to receive HIV testing prior to MMC/PrEP initiation. The rate of 'general' HIV testing is assumed to depend on age, sex, educational attainment, HIV testing history and calendar period. For all HIV testing modalities (with the exception of those associated with MMC and PrEP), it is assumed that previously-diagnosed individuals can get retested, although the rate of testing is assumed to be reduced by a factor of 50% in previously-diagnosed ART-naïve individuals and by 85% in ART-experienced individuals 37 . After diagnosis, HIV-positive individuals are assumed to disclose their HIV status to their partner(s) with a probability that depends on their sex and relationship type. If disclosure occurs, there is a probability that the partner will seek HIV testing (passive referral). Female disclosure of an HIV-positive status is assumed to be associated with increased risk of union dissolution. If the relationship continues and the HIV status of the other partner is negative or unknown, there is assumed to be an increased odds of consistent condom use. Individuals who test positive are assumed to start ART with a probability that depends on the HIV testing modality, and the same probability is assumed to apply whether the individual is newly diagnosed or testing positive after a prior diagnosis 38 . In addition to the existing HIV testing strategies, the model was extended to include a number of potential new HIV testing strategies:
• Home-based testing: This is assumed to be offered at an average frequency of once every two years. Male uptake is assumed to be lower than female uptake as men are less likely to be present when testing teams visit households 12 . Separate scenarios are run to compare the cost-effectiveness of home-based testing in urban and rural areas, and the effect of offering self-testing kits alongside it (as a strategy to increase uptake and get tests to household members who are not present at the time of the home visit).
• Mobile testing: Mobile clinics are assumed to move between communities, offering HIV testing. As with home-based testing, separate scenarios are run to compare the cost-effectiveness of mobile testing in urban and rural areas. A further scenario is run to evaluate the effect of using community mobilization to increase the uptake of mobile testing.
• Testing targeted to men who have sex with men (MSM): Men who have recently had sex with other men are assumed to be recruited into HIV testing programmes by peers 39, 40 .
• Testing targeted to female sex workers (FSWs): Sex workers are encouraged to use dedicated sex worker services that offer HIV testing.
• Testing in family planning clinics: Women who use hormonal contraception (injectable methods or the pill) are assumed to be offered HIV testing on an annual basis.
• Assisted partner notification: Health workers are assumed to contact partners of newly-diagnosed individuals to offer them HIV testing, if the index patient consents and provides their partner's contact details.
• Testing in schools: HIV testing in schools is assumed to be offered on an annual basis, with uptake being higher in sexually-experienced adolescents. Probability that newly-diagnosed woman discloses her HIV status to a short-term partner 0.50 - [55] [56] [57] OR for effect of marriage on probability of disclosure 2.50 - [57] [58] [59] OR for effect of male sex on probability of disclosure 1. 25 -58,59 Probability of referral for testing if disclosure occurs 0. Table 1 . HIV testing assumptions. *Ranges are specified only for the parameters that vary in the uncertainty analysis; the specified ranges correspond to the 2.5 and 97.5 percentiles of the distributions from which the parameter values are sampled. † The parameter is fixed for the baseline testing modalities, but a different parameter value is randomly sampled for each of the new testing modalities. **The parameter is estimated by dividing the reported fraction of partners who get tested (30% 60 ) by the assumed probability of disclosure (0.71 in the case of married women). FP = family planning; FSW = female sex worker; MSM = men who have sex with men; OI = opportunistic infection; OR = odds ratio; RR = relative rate.
• Workplace testing: Uptake is conditional upon being in a workplace in which testing is offered. The fraction of the employed population working in the formal non-agricultural sector 41 is considered an upper bound on the fraction of the employed population that could be offered testing annually.
• Testing partners of pregnant women: Pregnant women are issued invitation letters to give to their male partners, encouraging them to seek testing at the antenatal clinic. In an alternative scenario we consider the effect of instead providing pregnant women with self-testing kits to give to their male partners 17 .
Assumptions about the uptake and costs of these new testing modalities were based on a PubMed search (details in the supplementary material, section 1). Priority was given to African data sources and (where available) South African data in setting model assumptions. Where there was significant uncertainty around testing assumptions for the new testing modalities, prior distributions were assigned to represent the range of uncertainty around the relevant parameter (Table 1) . cost assumptions. We purpose-built a cost model for this analysis. All testing is assumed to follow a testing algorithm in keeping with the South African Department of Health's testing cascade, which includes pre-and post-test counselling and rapid testing with confirmatory testing of positive results ( Fig. S2.3 ). The test cascades in the cost model are divided into two groups, one for tests conducted in a healthcare facility, and another for those conducted through a mobile modality. We summarized cost and resource use for staff, consumables (including test kits) and equipment, overhead, and demand creation and targeting costs. Tests conducted in a facility were costed using a bottom-up approach for the staff, consumable and equipment costs and a top-down approach for the overhead costs, demand creation and targeting. Staff costs for facility-based testing were calculated based on observed time by client HIV status from a time-and-motion study. Tests conducted through a mobile modality were costed using a top-down approach for staff, equipment and overheads (because in a dedicated mobile testing service, these expenses are not split across other health activities), and consumable costs were calculated using a bottom-up approach. Resource use was calculated from the perspective of the provider, the public health system. All costs were updated to 2016-17 public-sector prices and salaries and converted to USD using the 07/2016 to 06/2017 period average of 1 USD = 13.58 ZAR 42 . Costs are presented unadjusted for inflation and undiscounted, in order to facilitate the use of total costs results for programme planning and budgeting. Further details regarding the cost assumptions are presented in section 2.6 of the supplementary material.
Analysis. The model was used to project the expected number of new HIV infections and HIV-related deaths
in South Africa over a 20-year period from 1 July 2019 to 30 June 2039. In the 'baseline' scenario we assumed no change to the existing HIV testing modalities, with rates of testing remaining constant at the levels estimated in 2016-17. Separate scenarios were defined for each of the potential new HIV testing modalities. For each of these new scenarios we calculated the change (relative to baseline) in total new HIV diagnoses, new HIV infections, life years lost due to HIV, HIV testing costs, and total HIV programme costs. Life years lost due to HIV were calculated using the West level 26 life table 43 . Two incremental cost-effectiveness ratio (ICER) measures were calculated over the 20-year period: the cost per HIV infection averted and the cost per life year saved, the latter being defined for consistency with the metric used in the South African HIV Investment Case 30 . For the purpose of probabilistic sensitivity analysis, we randomly varied several of the model parameters simultaneously. As described elsewhere 32 , 100 different combinations of HIV transmission parameters and sexual behaviour parameters were identified that yielded model estimates of HIV prevalence consistent with historical South African HIV prevalence data. For each of these 100 parameter combinations we randomly sampled 5 parameter combinations from the distributions shown in Table 1 , to generate a total of 500 different parameter combinations. For each of the scenarios described previously, the model was run for each of the 500 parameter www.nature.com/scientificreports www.nature.com/scientificreports/ combinations to generate a distribution of model outputs. From these we calculated means and standard errors, which were used to calculate 95% confidence intervals. Because ICER distributions were highly skewed, we summarized these instead using medians, with bootstrapping being used to estimate the 95% confidence intervals around the medians. To assess the sensitivity of the ICER estimates to the parameters that were allowed to vary across the 500 simulations, we fitted linear regression models to predict the change in ICER for unit changes in each of the parameters, and highlighted those parameters that had a statistically significant effect on the ICER. We also assessed the sensitivity of the model results to an arbitrary 50% reduction in the frequency of 'general' HIV testing over the 2019-39 period.
ethics. As this was a mathematical modelling study that did not involve human subjects, approval from an institutional review board was not necessary.
Results
The model matches the reported total numbers of HIV tests performed and the reported levels of HIV prevalence in adults tested for HIV in the period up to 2016 (Fig. 1) . By 2017, the model estimates that the fraction of HIV-positive adults who were diagnosed was 88.7%, though the proportion diagnosed was substantially lower among men (84.5%) than among women (91.2%), and substantially lower in the 15-24 age group (74.5%) than in the 25-49 and 50 + age groups (90.9% and 87.8% respectively) (Fig. 2) . The fraction diagnosed was also relatively low among FSWs (82.9%) and MSM (81.4%) (Fig. S3.5) . The model estimates that over the 2010-2015 period, the HIV testing modalities that accounted for the greatest numbers of HIV tests were general HIV testing (63.0%), testing in STI clinics (11.4%), testing of OI patients (9.8%) and antenatal testing (7.3%), while the testing modalities that accounted for the greatest numbers of new HIV diagnoses were general HIV testing (43.6%), testing of OI patients (32.5%), testing in STI clinics (8.1%), and testing partners of newly diagnosed individuals (7.4%) (Fig. S3.3) .
The model estimates that in the absence of any change to current HIV testing strategies, 12-15 million adult HIV tests will be conducted each year over the next 20 years, and the fraction of tested individuals with positive results (including retests in previously-diagnosed individuals) will decline to around 5% (Fig. 1) . Although South Africa is expected to meet the 90% diagnosis target by 2020, it is less likely to meet the 95% target by 2030, in the absence of any change to current HIV testing strategies (Fig. 2a) . Reaching the 95% target is particularly unlikely in the case of men (Fig. 2b) . Reaching the 90% and 95% targets is also expected to be challenging in groups that have high HIV incidence rates, notably youth (Fig. 2d) , FSWs and MSM (Fig. S3.5 ). Of the baseline testing strategies, the strategies that are expected to lead to the highest rates of new diagnosis (per test performed) are testing partners of newly diagnosed individuals (6.8%) and testing of OI patients (6.8%). Yields are also expected to be relatively high in the case of males seeking MMC (2.3%), as most of these are young men who have not previously been tested. Yields on HIV testing in prisons and antenatal clinics are expected to be relatively low (0.7% and 1.1% respectively) because of the high rates of retesting in these settings.
The new HIV testing strategies that would most significantly increase the average annual number of HIV tests performed over the 2019-39 period include home-based testing coupled with an offer of self-testing (21.5 million additional HIV tests), standard home-based testing (16.0 million) and mobile testing with community mobilization (4.9 million) (Table S3. 3). Although most strategies are expected to lead to increases in the total numbers of new diagnoses, some strategies (testing in MSM, FSWs, schools and partners of pregnant women) are expected to lead to reductions in the numbers of new diagnoses (Table S3. 3), as the prevention benefits of testing imply a long-term reduction in new infections and thus a reduction in the maximum number of infections that can be diagnosed. The new strategies that are expected to achieve the highest rates of new diagnosis per test performed include assisted partner notification (7.6%), testing in FSWs (3.7%), and MSM (2.6%) (Fig. 3) . Although testing partners of pregnant women is usually encouraged regardless of the woman's HIV status, yields on such testing are expected to be substantially higher when the woman is HIV-positive (6.8%) than when the woman is HIV-negative (0.7%). Yields are expected to be lowest in the case of school-based testing (0.3%) and home-based testing coupled with self-testing (0.6%). Both for home-based and mobile testing, yields are expected to be similar in urban and rural areas.
In the absence of new testing strategies, the diagnosed fraction is expected to increase from 90.6% in 2020 to 93.7% by 2030 (Fig. 2a) . The introduction of home-based testing with an offer of self-testing is expected to lead to the greatest increase in the fraction of HIV-positive adults diagnosed by 2030, 96.5% (Fig. S3.4) . The introduction of this strategy would lead to the 95% target being met by 2030, both in men and women, although it would not be sufficient to achieve 95% diagnosis among youth (Fig. 2) . Other strategies that would significantly increase the fraction diagnosed include regular home-based testing, mobile testing and testing in family planning clinics; most other new testing strategies, however, would have negligible impact on the overall fraction diagnosed (Fig. S3.4) .
In the absence of any change to HIV testing policy, 5.5 million new adult HIV infections are expected in South Africa over the 2019-39 period, and 68 million life years are expected to be lost due to HIV-related deaths in this period. As a result of the modelled increases in condom use and ART initiation following diagnosis, all of the potential new HIV testing strategies are expected to lead to reductions in new HIV infections (Fig. 4a and Table S3 .6). More substantial reductions are expected in the total numbers of life years lost due to HIV (Fig. 4b and Table S3.6). The greatest reductions are expected in the case of home-based testing coupled with an offer of self-testing: a median of 268 000 infections averted (95% CI: 249 000-288 000) and a median of 4.8 million life years saved (95% CI: 4.7-5.0 million).
The average cost per test is expected to be lowest in the case of self-testing, when offered through home-based testing ($3.08 per test) and when distributed to partners of pregnant women ($3.14), due to the saving in health worker time (Table S3. 2). The cost per test is expected to be highest in the case of mobile testing with community mobilization ($17.46), due to the high costs of the community mobilization events, which we assumed to include (2019) 9:12621 | https://doi.org/10.1038/s41598-019-49109-w www.nature.com/scientificreports www.nature.com/scientificreports/ some catering. Other relatively expensive strategies include testing in schools ($7.08) and assisted partner notification ($6.95). Average test costs for home-based and mobile testing are roughly 30% lower in urban areas than in rural areas, due to the greater distances that need to be travelled in the latter.
Total HIV testing costs, in the absence of any change to current testing strategy, are expected to be an average of $64 million over the 2019-2039 period (Table S3 .4). This is equivalent to 3.4% of the projected annual cost of all HIV programmes combined ($37.7 billion over the 2019-2039 period, or $1.88 billion per year (Table S3 .5)). The greatest increases in total testing costs would be expected in the mobile testing scenario with community mobilization (a median increase of $85 million (95% CI: $82-87 million) in the average annual testing cost), the regular home-based testing scenario (median increase $74 million, 95% CI: $73-74 million) and the home-based testing with an offer of self-testing scenario (median increase $66 million, 95% CI: $66-67 million). When taking into account the total HIV programme costs, two of the potential new strategies are expected to be cost-saving (assisted partner notification and testing in FSWs), although the change in net cost is not significantly different from zero (Table S3.5). As a result, these two testing strategies had negative median ICERs, both for the cost per HIV infection averted and the cost per life year saved (Fig. 4) , though the upper 95% confidence limits extended above zero (Table S3. www.nature.com/scientificreports www.nature.com/scientificreports/ In the regression analysis, ICER estimates were relatively insensitive to changes in the parameters specific to the new testing modalities (Table S3. 13). However, in several scenarios the ICER reduced significantly as the relative rate of testing in previously-diagnosed individuals increased (Table S3 .11), because previously-diagnosed individuals were assumed to be more likely to start ART after a retest, and similarly ICERs tended to decrease as rates of ART initiation following community-based testing increased. In contrast, the ICERs tended to increase as the relative rate of testing in treated adults increased, as there was no assumed benefit to testing individuals who were already on ART. The ICERs were also significantly negatively related to the projected future HIV incidence trend (in the absence of changes in testing policy). For example, in the home-based testing with self-testing scenario, the cost per life year saved reduced by $220 for every 1 million increase in the projected number of new infections over the 2019-39 period (Table S3 .15). ICERs were also sensitive to the level of HIV testing in the baseline scenario: if it was assumed that there was a 50% reduction in the rate of general HIV testing over the 2019-2039 period, the cost per life year saved in the home-based testing with self-testing scenario decreased from $394 to $316 (Table S3. 
16).

Discussion
As noted recently by De Cock and colleagues, there is a clear tension between pursuing the HIV testing strategies that are most efficient and the strategies that have the greatest impact 10 . In our analysis, strategies such as assisted partner notification, testing in FSWs and MSM, and secondary distribution of self-testing to partners of pregnant women were highly cost-effective (possibly even cost-saving) but had only a very modest impact on population-level HIV incidence and mortality. In contrast, home-based HIV testing was predicted to have the most substantial impact on HIV incidence and mortality, but at the expense of relatively low yields and cost-effectiveness. Despite this, the cost per life year saved of home-based testing coupled with self-testing was $394, well below the willingness-to-pay threshold of $547-842 previously estimated for South Africa 30 . Indeed, most of the HIV testing strategies had ICERs below this threshold, with the exception of school-based testing and mobile testing combined with community mobilization. These findings are important, as it is often assumed that home-based testing is unlikely to be efficient in settings such as South Africa, where a high fraction of HIV-positive individuals already know their HIV status 10 . Although South Africa is already close to the 90% diagnosis target in adults, South Africa is unlikely to achieve the 95% target by 2030 in the absence of major changes to HIV testing programmes, and strategies such as home-based testing may be crucial to achieving this.
The challenges that South Africa faces in reaching the 95% target are to some extent a reflection of the challenges that the country faces in reducing HIV incidence, as the fraction diagnosed can only be increased substantially if the annual number of new diagnoses exceeds the annual number of new infections. This explains why the fraction diagnosed is lowest in the sub-populations in which HIV incidence is highest (FSWs, youth and MSM), and our results suggest that even with very aggressive HIV testing strategies, the 95% target is unlikely to be met in these high-incidence groups (Fig. 2 and Fig. S3.5 ). The MicroCOSM model forecasts a higher average number of new adult HIV infections per annum over the 2019-39 period (275 000) than the Thembisa model (170 000), the model on which UNAIDS estimates for South Africa are based 29 . MicroCOSM thus forecasts a lower fraction of HIV-positive adults diagnosed by 2030 than Thembisa (93.8% versus 95.7%). If the Thembisa forecast of 170 000 new infections per annum were more accurate than the MicroCOSM forecast, corresponding increases in the costs per life year saved might be expected. For example, in the home-based testing with self-testing scenario, the cost per life year saved would increase from $394 to $856 (394-0.00022 × (170 000-275 000) × 20, where the −0.00022 is from the regression model in Table S3 .15), making it a less favourable policy option when compared against the current willingness-to-pay threshold. Projections of progress towards the 95% targets and cost-effectiveness are thus very sensitive to future HIV incidence trends, which are difficult to predict with confidence. www.nature.com/scientificreports www.nature.com/scientificreports/ This analysis suggests that assessing HIV testing based on numbers of new diagnoses may be problematic, for two reasons. Firstly, our analysis shows that some HIV testing strategies might lead to increases in new diagnoses in the short term but longer-term reductions in new diagnoses as a result of reductions in HIV incidence. Secondly, much of the modelled benefit of testing arises from retesting previously-diagnosed individuals who have either never linked to HIV care or dropped out of care. Although such retesting of previously-diagnosed individuals is often considered a 'waste' of scare testing resources, it may be important in facilitating linkage to care and (re)initiation of ART. A recent South African study found similar rates of linkage to HIV care in newly-diagnosed adults and previously-diagnosed adults who had not previously linked to care, and higher rates of linkage in individuals who had dropped out of care 38 . Our sensitivity analyses suggest that the cost per life year saved reduces significantly as the relative rate of testing in previously-diagnosed untreated individuals increases, and thus it is important to consider repeat diagnoses as well as new diagnoses.
Our results point to the significant potential benefits of self-testing in improving both the impact and the cost-effectiveness of home-based testing and testing partners of pregnant women. This is in part because of the significantly higher HIV testing uptake associated with self-testing 16 , and in part because of the lower cost per HIV-negative test result when there is less health worker time required 22, 23 . However, the lower cost assumption may be simplistic, as it does not take into consideration the cost of distributing the self-test, due to lack of data. Another potential concern is that self-testing may be less sensitive than standard testing performed by health workers, although a recent review found good agreement between self-testing and health worker-administered testing in most studies 44 . We have limited our analysis to two scenarios in which testing uptake would be low in the absence of self-testing: many individuals are not at home when home-based testing teams visit, and getting partners of pregnant women to come to antenatal clinics for testing is frequently challenging, making the secondary distribution of self-testing kits an obvious strategy in such scenarios. However, in settings in which the uptake of HIV testing by health workers is already high (for example, HIV testing in antenatal clinics and TB patients), the increase in HIV testing uptake associated with an offer of self-testing is likely to be minimal. Further work is required to improve our estimates of the cost of distributing HIV self-test kits, and to model the potential cost-effectiveness of offering self-testing to FSWs, a group that has been shown to benefit significantly from this intervention 18, 19 . The offer of self-testing in outpatient departments could also significantly increase HIV www.nature.com/scientificreports www.nature.com/scientificreports/ testing rates 45 , and should also be evaluated in future modelling. It may also be useful to consider a more targeted approach to the secondary distribution of self-testing kits, such as limited to pregnant women who do not know their partner's HIV status -although our current model is not capable of modelling such a scenario, and such targeting is not being considered in South Africa.
Our results show that in the context of mobile testing, including community mobilization activities substantially increases the epidemiological impact, but also substantially increases the cost per life year saved (above the willingness to pay threshold). A limitation of our analysis is that we do not consider the cost and impact of community mobilization and sensitization in the context of other new models of community-based HIV testing (particularly home-based testing), due to lack of local data. To some extent community care workers (who we have assumed to conduct home-based testing) do already perform community sensitization, but it will be important for future analyses to consider whether additional community mobilization activities are economically justified.
A key strength of this analysis is that it is based on a network model, which means that individuals are dynamically linked to specific partners, making it possible to model realistically the effects of disclosure of HIV status to partners and the benefits of partner notification strategies. Our analysis suggests that assisted partner notification and testing partners of pregnant women are likely to be among the most cost-effective strategies, with high yields. However, the relatively small population-level impact of these testing strategies is in part because disclosure occurs less frequently in short-term relationships than in long-term marital relationships, and rates of marriage are relatively low in South Africa 46 . Partner notification strategies may have relatively more impact in other African settings, in which a higher fraction of HIV-positive adults are married or cohabiting.
A disadvantage of the network modelling approach is that it is individual-based, which introduces substantial stochastic variation in model outputs. As a result, the 95% confidence intervals around the model estimates tend to be wide, and in some cases this makes the ranking of different HIV testing strategies difficult, especially when comparing ICERs, which have the widest confidence intervals.
Another limitation of this analysis is that it does not consider HIV testing strategies for children 47 . We have also not included infections averted in children and life years saved in children (as a result of reduced mother-to-child transmission) when estimating the ICERs. Our analysis also does not consider couple-based testing 48 , although -as noted previously -rates of cohabitation and marriage in South Africa are lower than in most other African settings, and this may present a challenge for recruiting couples in our setting. We also did not vary our input costs in the uncertainty analysis, and the costs of the novel testing modalities that have not been implemented at scale in the public sector (in particular self-test distribution) are currently based on assumptions regarding staff time, linkage and the number of tests that can be performed per day. Rates of linkage to ART after diagnosis are difficult to determine in the context of community-based models of HIV testing, which generally suffer from lower rates of linkage than facility-based testing 18, [49] [50] [51] . In our uncertainty analyses, we found that in most community-based testing scenarios the cost per life year saved declined substantially as the rate of linkage to ART increased (Table S3 .11), and it is therefore important to quantify linkage rates more precisely. ICERs may be similarly affected by future changes in ART effectiveness and cost, but we have conservatively assumed no future changes in costs or effectiveness in our analyses.
Some of our results may not be generalizable to other African settings. The cost-effectiveness of HIV testing is sensitive to the levels of HIV prevalence in the population 52 , which are relatively high in South Africa, and costs of HIV interventions tend to be higher in South Africa than in other African settings 53 . However, the relative impact and cost-effectiveness of different testing strategies is likely to be more similar across settings. Possible exceptions are testing strategies that target key populations, which are likely to be relatively more cost-effective (compared to testing in the general population) in the more concentrated epidemic settings of West and Central Africa, and partner notification, which may have relatively more impact in settings that have higher rates of marriage. In this analysis we have compared HIV testing strategies in terms of the cost per life year saved, rather than the cost per disability-adjusted life year (DALY) averted, which would allow for comparison with other disease areas and be more in line with economic analyses that aim to inform decisions of international funders. The primary motivation for using this metric is to achieve consistency with the metric used in the South African HIV Investment Case, which estimated the government's 'willingness to pay' threshold for HIV interventions 30 , but other metrics may be more appropriate in other African settings. Our model can be applied to other African countries, although considerable work would be required to parameterize and calibrate the model for other settings, given the large number of socio-demographic and epidemiological assumptions.
As many African countries move closer to achieving the 90% diagnosis target, there has been growing concern over whether it is feasible to sustain the same intensity of testing efforts as has been achieved in the past, and whether it may be appropriate to scale back to a more 'targeted' approach to HIV testing strategies that are associated with higher yields 10, 11 . Our results suggest that focusing only on yield may be simplistic, and that even HIV testing strategies with relatively low yields may be cost-effective when compared to other currently-funded HIV interventions. Although it may be efficient to reduce the frequency of screening in certain populations (for examples, pregnant women and prisoners), more rather than less testing may ultimately be appropriate if substantial reductions in HIV incidence and mortality are to be achieved.
Data Availability
This analysis is based on simulated data generated by a mathematical model. The mathematical model and summaries of the data are available from the corresponding author on request.
